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Abstract
Under the ideal free distribution (IFD), the number of organisms competing for a resource at different sites is proportional to the
resource distribution among sites. The ideal free distribution of competitors in a heterogeneous environment often predicts habitat
matching, where the relative number of individuals using any two patches matches the relative availability of resources in those
same two patches. If a resource is scarce, access might be restricted to individuals with high resource holding potential, resulting
in deviation from the IFD. The distribution of animals may also deviate from the IFD in the case of resource abundance, when
social attraction or preference for specific locations rather than competition may determine distribution. While it was originally
developed to explain habitat choice, we apply the habitat matching rule to microscale foraging decisions. We show that chickens
feeding from two nondepleting feeders distribute proportionally to feeder space under intermediate levels of competition.
However, chicken distribution between the feeders deviates from the IFD when feeder space is limited and competition high.
Further, despite decreasing aggression with increasing feeder space, deviation from IFD is also observed under an excess supply
of feeder space, indicating different mechanisms responsible for deviations from the IFD. Besides demonstrating IFD sensitivity
to competition, these findings highlight IFD’s potential as a biological basis for determining minimal resource requirements in
animal housing.
Significance statement
The ideal free distribution (IFD)predicts howanimals ought to distribute themselveswithin a habitat in order tomaximize their
payoff. Recent studies, however, have questioned the validity of the IFD concept following anomalous results.We studied the
IFD in chickens by systematically varying the amount and distribution of space at two feed troughs.We show that when tested
over a sufficiently large range, the distribution of birds depends on the overall resource availability. Furthermore, behavioral
data suggest that distinctly different mechanisms account for deviations from the IFD at shortage and excess supply of feeder
space, respectively.
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Introduction
The ideal free distribution (IFD) is the prediction of an optimi-
zation model describing how individuals of a species should
distribute in a heterogeneous environment in order to maximize
fitness (Fretwell and Lucas 1969). As direct fitness estimates
are usually unavailable, resource acquisition is commonly used
as a proxy (Parker and Stuart 1976). Originally phrased as a
habitat choice model, it was later generalized and applied to
different spatial and temporal scales, including various choice
situations—though most notably foraging decisions (Milinski
1979; Abrahams 1986; Kennedy and Gray 1993; Koops and
Abrahams 1999). Game theoretical work shows that the IFD is
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an evolutionary stable strategy (Křivan et al. 2008) and field
studies demonstrated that animals often distribute according to
model predictions (e.g., Haugen et al. 2006; Munubi et al.
2018).
Since its initial conceptualization, the IFD has been tested
across a wide variety of contexts. These include habitat use in
a natural environment and/or resource abundance in relation to
animal fitness (Beckmann and Berger 2003), plant root com-
petition for nutrients (McNickle and Brown 2014), insect dis-
tribution and disease transmission (Kelly and Thompson
2000), migrations and settlements for human populations
(Jazwa et al. 2013; Giovas and Fitzpatrick 2014), and land/
water use by farmers/fishers (Abernethy et al. 2007; Moritz
et al. 2014). The concept also contributes to our understanding
of contemporary problems such as habitat destruction, climate
change, and the relationship of such problems to resource
distribution. For example, the IFD can help predict the distri-
bution of animals, thereby facilitating conservation and wild-
life management (Kennedy and Gray 1993).
According to the matching rule (Parker 1978; Tregenza
1995), if the IFD is to be established, the number of compet-
itors in a patch should be proportional to the total amount of
resource in the patch. The basic IFD model for the matching
rule assumes that all animals have (1) information about the
quality of resources in all patches, (2) information about the
distribution of competitors, (3) free ability to choose the re-
source, and (4) equal competitive abilities (Houston and
McNamara 1988; Milinski 1994; Hakoyama 2003).
Sutherland (1983) proposed an extension of the basic mod-
el specifically for the case of non-depleting resources, i.e.,
patches where items are arriving continuously. For in-
stance, in many environments, animals search patches for
dispersed food items (normally prey), which remain at
roughly constant density. In these situations, intake rate is
constant and limited by search and processing time
(Tregenza 1995). However, social interference of
coforaging conspecifics can reduce foraging efficiency.
Thus, even if food is available in abundance, accessibility
can become a critical and density dependent parameter
(Parker and Sutherland 1986; Done et al. 1996).
The IFD was initially investigated by manipulating the
quality of resources and measuring the distribution of animals
between the resource locations. Those studies revealed possi-
ble limiting factors of the IFD, e.g., unequal competitor abil-
ities, predation risk, travel distance, insufficient information,
and competition between species (Abrahams 1986; Gillis and
Kramer 1987; Korona 1990; Cressman et al. 2004; Berec et al.
2006; Maszczyk et al. 2018; Menezes and Kotler 2019). The
IFD may also depend on the level of competition among an-
imals, as demonstrated by manipulating the total amount of
resource (resource input) and/or competitor density (Gillis and
Kramer 1987; Tregenza et al. 1996). Thus, the greater the
competition, the more the distribution deviated from the IFD
(Gillis and Kramer 1987; Tregenza et al. 1996). For instance,
in fish, aggressive individuals have been observed to influence
distribution by excluding subordinate conspecifics from a su-
perior resource (Church and Grant 2019). In chickens, com-
petition for resources is indicated by increased aggression and
jostling (Sirovnik et al. 2018) and might influence bird distri-
bution (Hakoyama and Iguchi 2001). Further, gathering suf-
ficient information about resource quality is one of the most
important prerequisites for establishing the IFD (Milinski
1984; Abrahams 1989; Korona 1990). Animals may be sen-
sitive to competitor densities, competitor activities, and/or
levels of aggression at each resource location. Information
can be gathered by sampling (e.g., individuals move between
the resources) or observing from a distance. Thus, recording
animal movements between resources might be beneficial for
interpreting animal distribution.
In the present study, which is of an explorative character,
we studied how groups of laying hens distribute themselves
between two feeders in response to variations in total feeder
space and resource ratio. We expected that chickens would
distribute themselves according to the matching rule at some
feeder spaces, while under conditions of both small and large
total feeder space chicken distribution might not correspond to
the matching rule. For example, when feeder space is abun-
dant, social attraction may determine distribution as chickens
are known for their preference to eat from the same food
source (Mills and Faure 1989) as well as for their social at-
traction even when not feeding (Febrer et al. 2006). Birds
might prefer to flock to lower the risk of predation due to
dilution of risk, confusion effect, or increased vigilance
(Milinski and Heller 1978; Lima and Dill 1990; Murali et al.
2019)). Further, at abundant feeder space, when birds do not
need to compete for the feeding resource, their preference for
specific locations might affect distribution. On the other hand,
when feeder space is scarce, competition for access to the
feeder might outweigh other types of motivation. Although
not the case in all species and all cases of increased compet-
itor–to–resource ratios (Grant et al. 2000), chickens show in-
creased aggression and jostling when feeding resources are
scarce (i.e., 4–6 cm feeding space per bird; Sirovnik et al.
2018). Hence, when feeder space is scarce and does not allow
for simultaneous feeding, increased aggression (Sirovnik et al.
2018) together with unequal competitive abilities among the
chickens (Banks et al. 1979) might lead to deviations from the
IFD. For this reason, additionally to the chicken distribution,
we also measured levels of aggression and jostling at the
feeders. Tracking animal movements between the feeding
sites is necessary to understand the mechanisms involved in
the distribution of animals between the feeding sources. We
predicted that animals would switch from the overpopulated
to the less populated feeding site (i.e., to achieve IFD) ormove
from the feeder with increased aggression to the feeding site
with less aggression.
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In order to explore relationships between absolute and rel-
ative resource availability and chicken distribution, we includ-
ed a test condition, where feeder space was clearly insufficient
to allow all hens to feed simultaneously (4 cm/hen) and other
conditions where feeder space was larger than required for
simultaneous feeding (18 and 27 cm/hen) as well as interme-
diate feeder space allocations (8 and 10 cm/hen). A secondary
aim of this study was to investigate whether the IFD could
serve as a yardstick to specify minimum feeding space re-
quirements for group housed animals.
Material and methods
Animals and housing
Chickens (Gallus domesticus, Lohmann Selected Leghorn, N
= 620) were brought to the Aviforum experimental facility
(Zollikofen, CH) when 1-day old. Initially, chicks were kept
in a single large group, but were haphazardly allocated to five
pens at 5 weeks of age, and to 10 pens at 10 weeks of age, all
within the same barn. At 18 weeks of age, we weighed all
birds and examined their appearance (i.e., the condition of
the feather coverage as well as the development and shape
of the comb, beak, and feet). Chickens of a similar weight
and with a well-developed and healthy appearance were used
in the study. In total, 200 chickens housed in 10 identical pens,
i.e., 20 chickens per pen, were used in this experiment. The
experiment began when the chickens reached 19 weeks of age
and lasted for 20 weeks. Management practices such as feed-
ing and lighting schedules followed standard commercial
practices and were applied uniformly to all pens unless stated
otherwise.
Birds wore a pen-specific leg band and were individually
marked with a silicone backpack, consisting of two silicone
squares (each square: 7 cm × 6 cm × 0.4 cm; 35 g) that sat on
the back of the bird, and two soft and flexible, plastic cloth-
line-wires that looped around the wings and were attached to
the squares through eyelets (Harlander-Matauschek et al.
2009). Each backpack was assigned one of 20 color combina-
tions to allow identification of individual hens in that pen
(using the colors green, yellow, red, white, and blue).
All pens (2.53 × 2.03 × 4.33 m) were identical and
equipped with two parallel feeders, perches, a drinker, and a
nest box positioned in the middle of the pen (Fig. 1). Pens
were arranged in two rows. Each pen contained two lamps
providing artificial light (average light intensity at feeders
was six Lux) mounted on the wall above each feeder. No
natural light was provided. Feed was constantly available
from 2 min before the lights came on (dawn) until 30 min
before the lights went off (dusk). Feed was provided by a
commercial poultry feed conveyor, which ran through all pens
in a row on one side first and back to the motor on the other
side of the pens (orange arrows in Fig. 1). Every 2–3 h, the
conveyor belt was switched on for 3 min and 40 s to replenish
all feeders. The feeders were accessible from both sides, and
birds were free to choose between feeders.
Experimental design
During the experiment, total feeder space and the ratio of the
space at the two feeders (henceforth “resource ratio”) were
systematically varied in each pen while bird density in the
pen stayed constant. This was done by covering different
proportional sections of each of the two lines of the feeders
so that pen-specific feeder space was provided in different
ratios (resource ratio), and a single continuous section of
each feeding site was accessible for feeding. As the amount
of feed in the feeders did not diminish perceivably during
the observation windows, it can be considered a continuous
supply. Given that the feeders constantly provided unlimit-
ed feed, the design in our study had the same properties as
the continuous-input model where it was not feed, as such,
but access to the feeder that was the critical resource
influencing bird distribution.
Feeder space is defined as total length of the feeder per hen:
2 × (L + S)/N, where L is length in cm of the larger feeder
available for feeding, S is the length in cm of the smaller
feeder available for feeding, and N is the number of hens in
the pen. Multiplying the total length by two was done to re-
flect that a hen could access the feeder from either side, a
calculation commonly used in legislation for determining
how many chickens can be housed within a facility (The
Council of the European Union 1999; The Swiss Federal
Council 2008). Five feeder space allocations were used with
4, 8, 10, 18, or 27 cm of feeder space per bird. The range of
used feeder spaces was based on recommendations for North
American producers (4 cm/hen (United Egg Producers 2016)),
Swiss (8 cm/hen (The Swiss Federal Council 2008)), and
European legislations (10 cm/hen (The Council of the
European Union 1999)). The abundant feeder space alloca-
tions were based on giving slightly more than the average
and double the average width of an adult Lohmann Selected
Leghorn chicken torso (13.4 cm (Briese and Spindler 2013)),
i.e., providing 18 cm/hen and 27 cm/hen feeder space.
Resource ratio is defined as L/S. For each feeder space, we
provided 40 different ratios ranging from 1:1 to 1:10.75.
Feeder space and resource ratio were changed weekly in each
pen. The experiment was counterbalanced in a manner that the
provision of feeder spaces and resource ratios were random-
ized over the whole experiment (20 weeks) with the following
restrictions: each feeder space was presented in two pens each
week, each feeder space was used four-times per pen, and the
larger feeder space allocation was equally distributed between
both pen sides (see supplementary Table S1). We used 10
pens with a weekly change in the feeder space and resource
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ratio for a total of 20 weeks. However, due to issues with the
birds not being able to access both feeding sites at some re-
source ratios at 4 cm/hen feeder space as well as due to feed
delivery problems in four pens in the first 6 weeks of the
experiment, we could not use all data for the analysis. Thus,
the sample size (N) corresponds to 167 replicates on the group
level.
Data collection
Two days after adjusting feeder space and resource ratios, hen
behavior at the feeder was video recorded using a camera
fitted to the ceiling for a 30-min period on five consecutive
days, but only a subset of the video material was used for
detailed analysis. Videos on day 5 were used for behavioral
coding, except in cases where the recording could not be used
due to technical problems with a camera, whereupon record-
ings on day four were used (this was the case on five occa-
sions). Videos from the other days were used to check whether
feed delivery worked properly.
A preliminary analysis (supplementary material) showed
that within the 30-min video recording the majority of
chickens were simultaneously at the feeder 6–7 min after
the light came on (8–9 min after delivery of the feed).
Hence, a 3-min interval (observation period) lasting from
5 to 8 min after the lights came on was included in the
analysis of behavior. The observer (JS) was not aware of
the exact feeder space, resource ratio, or age, though it was
not possible to completely blind the observer as the whole
length of the feeder was visible.
The presence and position of each hen at the feeder was
identified in the 3-min observation period at each 30-s-time
step (i.e., the observation period was divided into seven sam-
ple points). The possible positions were (1) at the larger feed-
er, (2) at the smaller feeder, and (3) not at either of the feeders.
From these data, we extracted: hen distribution between the
resources, number of birds at the resource at the same time
(simultaneous feeding), competitor density, switching be-
tween resources and transitions from being at the resource or
away from it. Switching was defined as a hen leaving one
feeder and arriving at the other feeder in the next sample point
and a transition as a hen leaving the feeder to go elsewhere in
the pen (not to the other feeder) or, from being elsewhere,
coming to a feeder. From the length of the feeders and number
of chickens at the feeders, we calculated competitor densities
at both feeders in the pen before and after a bird switched from
one resource to another.
Behaviors of interest were aggression and jostling. An
act was characterized as aggression (point event) when a
hen pecked or chased another hen (feather manipulation
was not considered as aggression). Jostling (point event)
was defined as an act where a hen pushed her body be-
tween, under, or above other hens at the feeder. An actor
was a bird that was actively initiating the behavior and a
receiver was passively involved in jostling or the target of
aggression. The actors’ behavior preceding jostling was
used to further classify jostling followed by a behavior oth-
er than feeding as (1) leave the feeder, or (2) other, e.g.,
walking between the feeding birds to access another type of
resource. As a result of a jostling event, the receiver could
Fig. 1 Visual representation of
the barn, feed troughs, and pen
setup with measurements. All
pens had the same arrangement as
pen 1 and 2 in this figure. Feed
troughs are represented with
orange lines, feed motors with
orange squares, a drinker with a
blue circle, the nest box with a
grey square, and a ventilation tube
with a grey circle. The floor was
covered with wood shavings
(yellow shaded area)
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either (1) stop feeding and leave the feeder (interrupted
feeding) or (2) continue feeding.
Statistical analysis
For statistical analysis, we used the statistical software R (R
version 3.2.2. (R Core Team 2016)) employing general and
generalized linear mixed models (using packages ‘lme4’
(Bates et al. 2015) and lmerTest (Kuznetsova et al. 2016)). If
not stated otherwise, predictors were feeder space, resource
ratio, age, pen side of the larger resource, and the feeder space
× resource ratio and feeder space × age interactions. Pen was
considered as a random factor. The fit of each model was
examined using Q-Q plots of the residuals and plots of pre-
dicted versus fitted values. All model outputs supporting this
article have been uploaded as part of the supplementary ma-
terial (see Figure S1 and Tables S2-S5).
To describe bird distribution at the feeders with respect to
resource availability, we first calculated the ratio of resources
where the numerator was the length of the larger resource (cm)
and the denominator the length of the smaller resource (cm).
When the resource ratio was 1:1, both pen sides were equally
often designated as a numerator and denominator. For the
analysis, we used a logarithmic transformation (log10(x)) of
the resource and competitor ratios. To assess the relationship
between the distribution of the chickens across the two feeders
and resource ratio for each feeder space allocation, we fitted
linear mixed effect regression models with Gaussian error
terms for each feeder space. The model included the log-
transformed ratios of the number of birds at the resource lo-
cations (as the response variable), the log-transformed re-
source ratios as a predictor variable, age as a covariate, and
pen as a random factor. The logarithmic transformation of the
ratios takes care of the expected heteroscedasticity of ratios of
small numbers. Under the IFD, one expects a linear relation-
ship between the log-ratio of the number of birds at the re-
sources and the log-ratio of resource availability with an in-
tercept of zero and a slope of one. In order to construct confi-
dence intervals for the expected slope, we used simulated
resampling, where for each trial and each time point, we ran-
domly reallocated hens to feeders with probabilities propor-
tional to the resource ratio and fitted a regression line through
the origin to the simulated data. This procedure was repeated
5000 times and the upper and lower 2.5 percentiles were taken
as nonparametric confidence intervals.
In addition to the primary analysis of the distribution of
animals in response to resource abundance and resource ratio,
we performed several exploratory analyses focusing on the
choice behavior and social interactions (aggression and dis-
placement) of the animals. For this purpose, several inferential
tests were made. Predictors were considered significant at p <
0.05, however, as this part of the study had an exploratory
character and multiple statistical models (k = 8) were tested,
we recommend interpreting p values against a Bonferroni
corrected threshold level of α' = 0.006.
Transitions were analyzed with a GLMM assuming a
Poisson distribution and using restricted maximum likelihood
(REML) estimation. Switching between feeders was analyzed
with a GLMM and treated as a binomial response with a hen
either changing position between feeders or staying at one
feeder during the observation period. For the analysis of tran-
sitions and switches, we included feeder space, resource ratio,
age, and pen side of the larger resource as fixed factors and
pen as a random factor (i.e., no interactions used).
We also tested whether competitor density at the feeders
affected switches between the feeders. The feeder where a
hen was seen at the last observation point before the switch is
referred to as the resource of origin and the feeder where it was
seen at the first observation point after the switch as the target
resource. For each feeder space condition, we ran three chi-
squared tests: (1) bird density at the resource of origin before
the switch (density origin before) ~ bird density at the target
resource before the switch (density target before), (2) density
origin before ~ density target after the switch (density target
after), (3) density origin after the switch (density origin after)
~ density target after. The x2 values for the five feeder space
allocations were then used to calculate combined probabilities
(Sokal and Rohlf 1995). To identify whether switches between
the feeders were related to the number of birds at the feeders, we
ran one additional chi-squared test for each feeder space condi-
tion, adjusting expected values for switches by the total num-
bers of birds at the feeders. For the average number of compet-
itors and number of different competitors, we assumed a
Poisson distribution and used a log link function in two separate
GLMMs for analysis. The prevalence of aggression at both
resources in a pen was analyzed with a GLMM assuming a
Poisson distribution. To test whether the prevalence of aggres-
sion was increased at the larger resource, a separate GLMM
including aggression as a binomial response variable was per-
formed. The prevalence of jostling followed by feeding at both
resources in the pen was analyzed with a GLMM assuming a
Poisson distribution. The incidences of interrupted feeding fol-
lowing jostling at both resources were analyzed with a GLMM
with an assumed Poisson distribution.
Results
Bird distribution between feeders
Under the ideal free distribution we expect that birds distribute
proportional to the available feeder space, so that a regression
of the log hen ratio against the log feeder space ratio should be
a straight line with intercept = 0 and slope = 1. The observed
slopes increased from 0.84 for 4 cm/bird of feeder space to
1.10 and 1.09 for 8 cm/bird and 10 cm/bird, respectively, and
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then decreased to 0.81 for 18 cm/bird and 0.70 for 27 cm/bird
(Figs. 2, 3a). Thus, while for feeder spaces of 4, 18, and 27
cm/hen, we see significant deviations from the IFD (slope = 1)
at the 5% level, when birds are offered 8 and 10 cm/hen feeder
space, the observed slopes fall squarely into the range of ex-
pected slopes under IFD. Bird distribution at the feeder was
not associated with age (p = 0.919).
Number of birds, amount of switching between
resources, and transitions from being at the feeder or
away from it
On average, 14.9 ± 2.5 (mean ± SD) out of 20 individuals
accessed one or both feeders (resources) in a pen during the
3-minute observation period. On average, 6.9 ± 2.4 birds were
at the feeders simultaneously (overall average, irrespective of
feeder space, resource ratio, age, and pen side).
The number of different individuals at the feeder within the
observation period was independent of feeder space, resource
ratio, or pen side (p = 0.819, 0.323, and 0.426, respectively;
Table S1) but decreased with age (p = 0.0004). The number of
birds simultaneously at the feeder increased with increasing
feeder space (p = 0.006; Fig. 3b) mainly due to an increase
from 4 to 8 cm/bird, since there was almost no increase in the
number of birds simultaneously at the feeder when more than
8 cm/bird of feeder space was provided. The number of birds
simultaneously at the feeder decreased with increasing re-
source ratio (p = 0.004) and age (p = 0.0004). The side of
the pen where the larger resource was located had no effect
on bird distribution (p = 0.695).
When a bird either approached or left the feeder, the
event was classified as a “transition”. Over the course of
the study, we recorded 7185 transitions (overall mean ±
SD: 0.7 ± 0.5 transitions/min/bird). We found no relation-
ship between transitions and feeder space (p = 0.850) or
pen side (p = 0.709). However, transitions decreased with
larger resource ratios (p < 0.0001) and with increasing
age (p < 0.0001; Table S2). When a bird left one feeder
and arrived at the other feeder shortly afterwards, i.e.,
within the observation period, this was referred to as
“switching”. Over the course of the study, switching oc-
curred 537-times (mean ± SD: 0.05 ± 0.1 switches/min/
bird). We found no relationship between switching and
feeder space (p = 0.373), but switching occurred less of-
ten at larger resource ratios (p < 0.0001) and as birds got
Fig. 2 Best fitted lines (red line), 95% confidence intervals (grey
shading), 99% confidence intervals (blue shading), and raw data points
of the relationships between log competitor ratio on the y-axis and log
resource ratio on the x-axis for each of feeder spaces. Dashed lines rep-
resent the expectation of the ideal free distribution and dots represent
pens. Best-fitted lines are based on the generalized linear models without
random factors (n = 167)
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older (p < 0.0001). Switching was not affected by the pen
side of the larger resource (p = 0.433).
For switching between feeders, we examined whether the
bird density at the original feeder (from which the bird moved
away) was larger or smaller than at the target feeder (to which
the bird moved). Before switching, the density at the original
feeder was higher than at the target feeder for all five feeder
spaces (Table 1, Fig. 4a). After switching, the density was
consistently higher at the target feeder than it was now at the
original feeder (Fig. 4b). The bird density at the target feeder
after switching did not differ from the bird density at the orig-
inal feeder before switching (p = 0.923; Fig. 4c). This means
that birds switching feeders predominantly moved when the
density at the target was lower than at the origin (“moving
away from the crowd”). However, due to the movement, the
relation reversed and after switching the density at the target
was higher than at the origin. As a result, the birds that moved
from one source to another did not experience a change in
density at the feeder, while those that stayed behind experi-
enced a decrease in bird density at the feeder. This effect
remains significant when we adjust expected values for
switches by the total numbers of birds present at the feeders
(Table 1).
Competition at the feeder
Aggression (an aggressive peck at the head or body of another
bird or chasing another chicken) and jostling (a bird pushing
her body between, under, or above the feeding birds) were
observed in total 323 times (0.644 times/min/pen) and 877
times (1.750 times/min/pen), respectively. Overall, there
was a strong decrease in aggression with greater feeder
space (p < 0.0001; Fig. 3c), though an interaction existed
between feeder space and resource ratio for aggression (p =
0.001; Table S3). Thus, aggression was independent of the
resource ratio at 4 cm/bird feeder space while at other feed-
er spaces, aggression increased with increasing resource
ratios (p = 0.001; Fig. S1). Additionally, an interaction of
feeder space and age was found for aggression (p = 0.007),
indicating that aggression decreased with age at feeder
spaces of 4 and 8 cm/hen, while aggression was not related
to age for other feeder spaces (Fig. S1b). Pen side of the
larger resource did not affect aggression (p = 0.986). The
prevalence of aggression did not differ between the small
and large feeder within the same pen, regardless of feeder
space (p = 0.828), resource ratio (p = 0.456; Table S3), age
(p = 0.64), or pen side of the larger resource (p = 0.284).
Birds were jostling less with increasing feeder space (p <
0.0001; Fig. 3d, S2, Table S4), and older birds jostled less
than the younger (p = 0.001). Jostling was not associated
with resource ratio (p = 0.36) or pen side of the larger
resource (p = 0.273). Interrupted feeding (after a jostling
event a target bird stopped feeding and left the feeder) was
more frequent at smaller feeder space (p < 0.001; Fig. 5,
Table S5), but interrupted feeding did not relate to resource
Fig. 3 Relationship of the primary response variables (a slope of
regression models of competitor ratio (log) and resource ratio (log), b
number of simultaneously feeding individuals, c number of aggression
events, d number of jostling events) and feeder space. Red shading shows
feeder spaces where the distribution was close to ideal, green and blue
shadings show feeder spaces with deviations from ideal free distribution,
but with different effects on behavior. b–d Box-and-Whiskers plots, box-
es = 1st and 3rd quartile, thick line = median, whiskers = range of data
(within 1.5 × interquartile range), dots = outliers (data points outside 1.5 ×
interquartile range; n = 167)
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ratio (p = 0.874), age (p = 0.715), or pen side of the larger
resource (p = 0.443).
Discussion
We studied IFD in the context of feeder space, which deter-
mined chicken’s access to the feed. In this context “choice” is
the choice of one of two feed troughs in one pen, while payoff
is measured in terms of access to feed. Weekly modifications
of feeder space and resource ratio allowed us to generalize the
results over different situations, and the results indicated that
chickens adapted to the changing conditions. We found that
under unlimited food availability, there are certain feeder
space allocations that lead to a distribution of hens as predict-
ed by the matching rule. We suggest that this feeder space can
be interpreted as providing sufficient access to the resource.
Providing not only one, but several levels of overall space
availability at the resource allowed us to establish a response of
expected matching proportions. Doing so, we found proportion-
ate settlement between the resources for a narrow range of space
availability, while at both extremes of space availability at the
feeders (equivalent to scarcity and abundance of the resource)
undermatching is observed. The derived prediction curve lets us
view the accumulated work on animal distributions in a new
light. Undermatching of animals and resource availability has
often been interpreted as a failure of the IFD model and, accord-
ing to Bradbury et al. (2015), the consistent failure of finding
close proportionate settlement was the main reason why interest
in the IFDmodels waned over the last decades. Here, we provide
evidence by example that abandoning the idea of the IFD be-
cause undermatching is observed for a specific level of resource
abundance might be premature. If prediction curves, as we found
in our study, are widely applicable then the pattern of frequent
observations of undermatching, few cases of matching, and rare
cases of overmatching (as reported by Zach and Smith 1981;
Abrahams 1986; Kennedy and Gray 1993; Bautista et al. 1995;
Tregenza 1995), is exactly what should be expected. Notably,
undermatching of animal distribution with resource distribution
does not contradict the basic tenet of the IFD theorem that indi-
viduals should distribute in a manner to maximize fitness. If
fitness would always scale linearly with the access to feed, we
should expect proportionate settlement under all conditions of
resource abundance and resource distribution; this is unlikely to
be the case. There will be ceiling effects, where even higher
abundance of food cannot increase fitness anymore, and resource
availability might not be the only factor affecting fitness.
Furthermore, relative and absolute group sizes at resource
Table 1 x2 values for switching from the original feeder (from which
the bird moved away) to the target feeder (to which the bird moved)
depending on bird density. For the comparison of switches “Origin-
Before” vs. “Target-Before” additional chi-squared values based on ex-
pected values adjusted for the total numbers of birds present at the feeders
are presented in the brackets
Feeder space (cm/hen) Origin Before < Target Before Origin After < Target After Origin Before = Target After
4 5.88 (2.72) 4.26 0.21
8 1.74 (2.29) 7.19 0.00
10 3.45 (2.14) 7.35 0.27
18 11.71 (7.33) 3.88 0.27
27 8.98 (6.16) 0.94 0.16
overall x2 = 31.76, df = 5, p < 0.001
(x2 = 20.64, df = 5, p < 0.001)
x2 = 23. 63, df = 5, p = < 0.001 x2 = 0.91, df = 5, p = 0.969
Fig. 4 Bird density at the resource of origin and target before and after the
switch (a comparison of bird densities at the origin and target resource
before the switch, b comparison of bird densities at the origin and target
resource after the switch, c comparison of bird densities at the origin
resource before the switch and target resource after the switch)
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patches may affect fitness in various ways. That is, dispropor-
tional settlement is not necessarily indicative of a break-down of
the relation between animal distribution and fitness, but more
likely an indicator for a breakdown of the linear relationship
between resource availability and fitness. In the following we
will, therefore, closely examine the mechanisms that are likely
responsible for the deviations from the IFD both at the lower and
upper end of resource abundance.
Observations at both ends of the resource spectrum suggest
different mechanisms are at work. For small feeder spaces, in-
creased aggression and increased disturbances of feeding activity
(interrupted feeding) suggests that birds had to compete to access
the feeder. For large overall feeder spaces, we observed low
levels of aggression and disturbances, and hence, we speculate
that the observed deviation from the IFD might be due to social
attraction of animals rather than being driven by competition.
Social attraction typically occurs in groups of chickens
(Meunier-Salaün and Faure 1984) and was, in fact, already ex-
pected byAllee et al. (1949, discussed in Parker and Stuart 1976)
as a cause for deviations from the IFD.However, social attraction
may not be the only explanation for the deviation from the IFD at
excessive feeder space allocations. Other potential factors are
changes in foodmotivation and individual preferences for spatial
locations or social partners. A longer time-window for behavioral
observations across diurnal variations in motivation to feed and
tracking of spatial locations and social partners at the feeders
would allow disentangling their effects in future studies aimed
to elucidate the mechanisms responsible for deviations from the
IFD at excessive resource allocations.
Gathering sufficient information about resource quality is one
of the most important prerequisites for establishing the IFD
(Milinski 1984; Abrahams 1989; Korona 1990). The distribution
of fish got closer to the “ideal free”when animals had more time
to gather information, although the effect decreased with increas-
ing aggression (Hakoyama and Iguchi 2001). Information can be
gathered by sampling (e.g., individuals move between the re-
sources) or observing from a distance. Animals may be sensitive
to competitor densities, competitor activities, and/or levels of
aggression at each resource location. In the current study, com-
petitor density wasmore often lower at the target resource than at
the original resource before a bird switched between the feeders
suggesting that birds had a good perception of the differences in
competitor distribution between the sites. Interestingly, the birds
that moved from one source to another did not experience a
change in density at the feeder, while those that stayed behind
experienced a decrease in bird density. This might be a conse-
quence of interrupted bird ratio between the feeders due to birds
transitioning from being away of the feeder to accessing the
feeder, as the frequency of transitions was 14× higher than the
frequency of switches between the feeders. Aggression at the
feeding sites might also be a cause for switching as it has been
suggested that levels of aggression might indicate resource prof-
itability (Kennedy andGray 1994). However, empirical evidence
for this assertion is lacking (Kennedy and Gray 1997; Koops and
Abrahams 1999). Similar to Koops and Abrahams’ (1999) re-
sults, we recorded equal levels of aggression at both resources in
a pen (for all feeder spaces), hence, aggression was likely not
used as an indicator of resource profitability or a reason for
switching between feeding sites.
A secondary aim of this study was to investigate whether
the IFD could serve as a yardstick to determine minimum
requirements for housing conditions of group housed animals.
By (i) assessing animal distributions over a sufficiently large
range of the overall input (e.g., feeder space as in the current
study) from scarce to abundant and (ii) combining it with a
meaningful indicator of animal welfare (e.g., aggression and
jostling as in the current study), we demonstrated that resource
allocations below those that lead to IFD were associated with
an escalation in aggression and jostling as birds tried to cope
with the increased competition. This validation against accept-
ed welfare indicators leads us to suggest that the IFD is a
reliable indicator of how birds are experiencing different re-
source allocations and thus can be a useful tool to determine
minimum resource allocations. Our findings suggest that a
feeder space of between 8 and 10 cm/hen may be minimum
that allows all birds access to the feeder when motivated to
feed, without compromising their welfare by escalating ag-
gression. Given the current differences between countries re-
garding minimum feed trough requirements, such information
can be especially useful to legislators. Further, we suggest that
an IFD approach could potentially be used to identify mini-
mum allocations of other resources, not least because measur-
ing competition at a resource is a labor-intensive task, while
the distribution of animals between resources can be assessed
automatically.
Fig. 5 Relationship between number of interrupted feeding events per 3-
min observation period (y-axis) and feeder space (x-axis). The dots rep-
resent raw data points and colors pens. Best fitted line is based on the
generalized linear model without random factor. Sample size: n = 167
replicates
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Competition for resources and risk of predation are the
main drivers for animal distributions, and the one dominating
in a secure environment such as a commercial animal facility
will likely depend on the abundance of resources. For most
resources, the intensity of competition is density dependent
and governed by the simple economic equation for supply
and demand. We were, therefore, surprised to see that the vast
majority of studies investigating animal distributions failed to
vary both overall resource abundance and resource distribu-
tion over an adequately extensive range (Kennedy and Gray
1993). In doing so, we can see a pattern that fits well with the
predictions of the IFD theory. Our findings also suggest that
perceived mismatches of empirical data with model predic-
tions (i.e., undermatching) in previous studies are well in line
with our expectations and in support of the general applicabil-
ity of the IFD models to animal distributions.
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